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Abstract—Both action potentials and mechanosensitive sig-
nalling are an important communication mechanisms in plants.
Considering an information-theoretic framework, this paper
explores the effective range of multiple action potentials for a
long chain of cells (i.e., up to 100) in different configurations,
and introduces the study of multiple mechanosensitive activation
signals (generated due to a mechanical stimulus) in plants. For
both these signals, we find that the mutual information per
cell and information propagation speed tends to increase up
to a certain number of receiver cells. However, as the number
of cells increase beyond 10 to 12, the mutual information per
cell starts to decrease. To validate our model and results, we
include an experimental verification of the theoretical model,
using a PhytlSigns biosignal amplifier, allowing us to measure
the magnitude of the voltage associated with the multiple AP’s
and mechanosensitive activation signals induced by different
stimulus in plants. Experimental data is used to calculate the
mutual information and information propagation speed, which
is compared with corresponding numerical results. Since these
signals are used for a variety of important tasks within the plant,
understanding them may lead to new bioengineering methods
for plants.
I. INTRODUCTION
Plants need to respond to a variety of external stimuli in
order to survive [1]. Many different types of signals exist
which transfer information concerning these stimuli from
one cell to another. Plants use this information to regulate
various important functions, such as growth or defense in
response to their external environment. For example, plants
sense light levels and use this information to alter the pro-
duction of energy using photosynthesis [2]. Two important
types of information signals in plants are electro-chemical
signals, known as action potential (AP) signals [3], [4] and
mechanosensitive signals [5]. The main aim of these signals is
to convey the information to neighbouring cells in the plant
so that they can respond to an external stimulus by taking
appropriate action.
From the literature we learn that there are two differences
between both these types of signals. First, the type of stimulus
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generating them i.e., the AP signals are generated as a result
of an external stimulus such as change in temperature or
intensity of light, whereas the mechanosensitive signals are
generated as a result of mechanical stimuli such as touch or
wind [6], [7]. Second, these signals are usually generated in
different types of plants, therefore these signals do not mix
or interfere with each other. Furthermore the waveform of
both these signals is similar as shown in [8]. Both types of
signals propagate from transmitter to receiver cells by either
diffusion or fast (active) movement of molecules from one
cell to another in a group of cells. Since both these signals
are generated by an external stimulus, it is important to study
them using experiments.
We have learned from the models in [9], [10], [11] that
some signals in plants are informed by the phenomena of
molecular communication [12], [13]. The paradigm of molec-
ular communication is inspired by the communication among
living cells as suggested in [14], [15], [16], [17], [18]. In
previous works [4], [19], [20], [21] we have used molecular
communication theory to study the communication properties
of different signals in plants with different configurations of
receiver cells. A key characteristic of molecular communi-
cation is the use of molecules to transmit information (in
AP and mechanosensitive signals) from the transmitter to the
receivers. The transmission of signalling molecules can be
carried out by different mechanisms such as diffusion [22],
[23], [24] or active transport [25]. The information carrying
molecules propagate to the receiver where the molecular com-
munication system uses reactions such as linearized ligand-
receptor binding, to decode the transmitted information [26].
In this work we use molecular communication theory to study
the communication effectiveness of multiple AP and multiple
mechanosensitive activation signals.
In previous works, we have presented the mathematical
models for the generation of single and multiple AP signals
in plants with up to five receiver cells, which may propagate
by diffusion or active movement of molecules [4], [20]. In
this paper we extend this study to include the generation
of multiple AP’s in a system with a higher number of cells
(up to 100) as compared to only five in previous works. The
main aim of this study is to understand the effective range of
communication, in terms of the number of receiver cells, for
these signals.
In a recent paper [6] we derived a model for the generation
of single mechanosensitive activation signals in plants due to
a mechanical stimulus. In this paper we extend this work
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by presenting a mathematical model for the generation of
multiple mechanosensitive activation signals. We also study
the effective range of communication, in terms of number
of receiver cells, of these signals. For both the multiple AP
and multiple mechanosensitive signals we study the mutual
information and information propagation speed for an increas-
ing number of receiver cells, up to 100. This will help us
understand the communication performance of these signals
for different configurations of receiver cells in a system.
In this work we perform experiments on different plants
to measure the amplitude and duration of voltage changes
associated with multiple AP and multiple mechanosensitive
activation signals. The purpose of the experimental work
is to verify the results obtained by the theoretical models
presented in this paper and in previous works. We use a
PhytlSigns device developed by Vivent SaRL to carry out the
experimentation and compare the magnitude and duration of
the signals with the corresponding numerical results. We also
use the experimental data to compute the mutual information
and information propagation speed and compare these results
with the corresponding theoretical values. This experimental
verification helps justify the use of information theoretic mod-
elling to study biological communications in higher organisms
such as plants.
Specifically, this paper makes the following three contribu-
tions. First, an extended mathematical model for generation of
multiple mechanosensitive activation signals (due to mechan-
ical stimulus) in plants is presented. Second, the communica-
tion effectiveness of systems comprising either multiple AP
or multiple mechanosensitive activation signals are studied
using mutual information and information propagation speed
in systems with a higher number of receiver cells. Third, the
theoretical models of the communication properties of both
multiple AP and multiple mechanosensitive activation signals
are verified using experimental measurements of voltage
variations.
II. RELATED WORK
In this paper we consider two of the common types
of signals which exist in plants, namely AP signals and
mechanosensitive signals. AP signals are one of the many
different types of electro-chemical signals existing in nature.
In literature the role of electro-chemical signals and the
associated physiological or biochemical response is studied in
[27], [28]. In [29] the authors have studied the transmission
mechanism of electro-chemical signals from transmitter cells
to the receiver cells. In [30], [31] the authors have suggested
that electro-chemical signals can influence different processes
of plants such as photosynthesis. The different roles of
electrical signals in plant physiology are analyzed in [2],
[32], [33]. In some other works the authors have studied the
role of electro-chemical signals in various functionalities of
plants such as respiration [34], gene expression [35], hormone
production [36], ATP content, and others [2].
Action potential electro-chemical signals (APs) are gen-
erated in different plants such as Venus flytrap and Mimosa
pudica in the presence of an external stimulus [37]. Different
mathematical models for the generation of electro-chemical
AP signals and their influence on the physiological activity
of plants are presented in [38], [39]. We can define an AP
signal as a sudden change or increase in the resting potential
of the cell as a result of some external stimulus [3]. In a
plant an AP signal propagates (in the form of molecules)
from the transmitter to the receiver cells which are connected
through plasmodesmata (a narrow thread of cytoplasm that
allows communication between cells) [27]. In general an
AP signal is produced as a result of passive fluxes of ion
channels such as sodium, calcium and potassium channels
[27], [28], [40]. Some models for AP generation in different
plants are presented in [3], [37]. In our previous works we
have presented a mathematical model for the generation of
single and multiple AP signals in plants [4], [20]. Previous
work are limited to only a small number of receiver cells (5).
Increasing the number of receiver cells enables us to draw
insight into the effective range of AP signals in plants. In
this paper we consider up to 100 receiver cells.
On the other hand mechanosensitive activation signals are
generated in mechanosensitive ion channels in response to a
mechanical stimulus such as touch or wind in plants. Initially
discovered in living organisms in 1985 [41], a significant
amount of research has since been published on the topic
of mechanosensitive signals in organisms such as bacteria,
plants, animals and humans [42], [43], [5], [44]. Mechanosen-
sitivity can simply be defined as a response of the living cells
to a mechanical stimulus. In a mechanosensitive organism,
the mechanical stimuli modulates different physiological pro-
cesses at the cellular level [7]. Mechanosensitive signals can
induce different biochemical processes inside a cell that may
be transient or long term in nature [6]. From [7], [45] we
learn that many organisms are responsive to a mechanical
stimulus which is often in the form of stress, therefore the
mechanosensitive ion channels are also known as stress gated
ion channels.
Mechanosensitive activation signals are generated in re-
sponse to a mechanical stress which allows ions to flow across
the cell membrane [41]. The biophysics of mechanosensitive
signal generation is studied in many different works, such as
in [45], it is noted that mechanosensitive activation signals are
generated in response to stretch, vibration and touch. In [46],
we learn that theses signals are generated by the activation
of the gating mechanism by the tension in the bi-lipid layer
of the cell membrane. The opening of gates leads to the flow
of ions inside cell membrane such as Na`, K` and Ca2`.
This flow of ions generate the mechanosensitive activation
signal in the transmitter cell. Note that this activation signal
is different from an action potential as it is generated through
a mechanosensitive channel in response to a mechanical stress
(cf. our previous work in [4]). The mechanosensitive signals
play an important role in different functions of cell such as
regulating growth of cellular organisms [47]. In our previous
work [6] we presented a model for generation of single
mechanosensitive signals in plants. In this paper we aim to
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Fig. 1. System Model-Series
Fig. 2. System Model-Parallel
extend this model by presenting a mathematical model for
generation of multiple mechanosensitive signals in plants.
We follow it up by studying the effective range of multiple
mechanosensitive signals in a system with 100 receiver cells.
Finally in this paper we aim to experimentally verify the
corresponding communication theoretical model for both the
multiple AP and mechanosensitive signals in various plants.
This paper is organized as follows. We describe the system
model with different receiver configurations in Section III.
In Section IV we summarise previous work and present
mathematical models for generation of multiple AP and
mechanosensitive activation signals. Next we present the
molecular communication model for the transmitter and prop-
agation medium in Section V. In Section VI we present the
molecular communication mathematical model for diffusion
and active reactions. The expressions for mutual information
and information propagation speed are presented in Section
VII. This is followed by the experimental setup description
in Section VIII. In Section IX we present the results and
discussion. Finally Section X presents the conclusion.
III. SYSTEM MODEL
In this work we consider a system where different types
of external stimulus will induce multiple AP and multiple
mechanosensitive activation signals for inter-cellular commu-
nication in plants. We focus on studying the communication
properties associated with these signals. The two types of
external stimulus we use in this work are environmental (in
form of temperature or light) and mechanical (in form of
stress). To be specific we present two mathematical models
i.e., (a) A model for the generation of multiple AP signals in
electro-chemical systems due to an environmental stimulus.
Fig. 3. Voxel Model of Propagation-Parallel and Series
(b) A model for the generation of multiple mechanosensitive
activation signals due to a mechanical stimulus.
In this work we use three different settings of receiver
cells in system i.e, series, parallel (as shown in Figures 1
and 2) and mixed configuration. Like our previous works we
use a voxel model to describe the propagation of molecules
between different cells as shown in Figure 3 for different
configurations of cells. Note that for the sake of simplicity
we have shown a 2-dimensional voxel setting in Figure 3
however, the analysis will be 3-dimensional.
For both configurations of receiver cells we assume that
an external stimulus generates multiple AP or multiple
mechanosensitive activation signals in the transmitter cell.
The transmitter then releases signalling molecules depending
on the intensity of the multiple AP or mechanosensitive
activation signals. These signalling molecules act as the input
to the receiver cells. The molecules can propagate from the
transmitter to the receiver cells using different mechanisms
i.e., diffusion based propagation and fast active propagation
of molecules. As the signalling molecules reach the receiver,
they react with receptors to produce output molecules. The
number of these output molecules in the receiver over time
is the output signal of the molecular communication link. We
aim to compute the mutual information between the input and
output for the cases of multiple AP and multiple activation
signals. The mathematical models describing the generation
of both these signals in plants is shown below.
IV. SIGNAL GENERATION MODELS
A. Model For Multiple AP Signals
In this section we briefly present the mathematical model
for the generation of multiple AP signals that is presented
in our previous work [20]. For ER, the resting potential of
the transmitter cell, the expression for the new membrane
potential Em as a result of an external stimulus (causing a
change in ion-concentrations) is given as:
Em “ gkEk ` gclEcl ` gcaEca
gk ` gcl ` gca (1)
where, gi “ Fhi
ER ´ Ei (2)
where the general term gi represents the electrical conduc-
tivity of an ion channel i, Ei represents the resting potential
value for the ion channel i, F represents Faraday’s constant
Fig. 4. Multiple AP Model
and hi is the ion flow across the membrane which is given
as follows:
hi “ zµPmpoφiηo ´ φoηipexpp´zµqq
1´ expp´zµq (3)
The term µ denotes the normalized resting potential of cell
membrane and is given as:
µ “ EmF
RcTc
(4)
The values of these parameters are presented in Table II. To
explain the terms in Eqs. (3) and (4): z is the ion charge; Rc
is the gas constant; Tc represents the temperature; φi (resp.
ηi) is the probability that the ion is (resp. is not) linked to
the channel on the inside; φo (resp. ηo) is the probability that
the ion is (resp. is not) linked to the channel on the outside;
Pm represents the maximum permeability of the cell; and po
represents the ion-channel opening state probability as a result
of change in the concentrations of ions. For k1 (opening) and
k2 (closing) reaction rate constants we obtain po as:
dpo
dt
“ k1p1´ poq ´ k2ppoq (5)
Note that the channel k1 (opening) and k2 (closing) reaction
rate constants depend on the membrane potential crossing a
specific threshold value, resulting in the generation of an AP
signal. We also note that these rate constants are exponentially
dependent on the membrane potential as discussed in [11].
The AP signal propagates from one cell to another, result-
ing in multiple APs impacting a single cell. We use a lattice
of cells in the form of voxels to model the impact of multiple
APs. In this paper we consider a 3-d model of cells where
there is a limit of about 12 cells that can be in contact with
a transmitter cell as the cells are considered to be closely
packed. We also assume that strong electrical coupling exists
between the cells. For the ease of understanding we show an
example of 2-d lattice of cells with dimensions length (L) ˆ
width (w) in Figure 4. The transmitter cell T in the centre
is surrounded by 4 receiver cells R1-R4 on each side and
multiple AP signals can propagate to or from each of these
cells. The number of molecules flowing as a result of multiple
AP signals depends on the inter-cellular interactions and is
given by:
nLw “
ÿ
K,s
GLwKspEKsm ´ ELwm q (6)
Where L = r1, LT s and w = r1, wT s. LT and wT represent
the total length and width of the mesh of voxels. EKsm and
ELwm represent the cell membrane potentials at the transmitter
cell location pL;wq and general receiver cell location pK; sq
respectively. The term GLwKs represents the electrical con-
ductivity between the transmitting cell pL;wq and the general
receiver cell pK; sq. Note that Eq. (1) only accounts for
the change in the membrane potential due to a single AP.
However the change in the potential can also occur as a result
of multiple Action potential signals from neighboring cells.
This leads to the following equation:
ELwm “
gkEk ` gclEcl ` gcaEca `řK,sGLwKsEKsm
gk ` gcl ` gca `řK,sGLwKs (7)
Therefore the change in the potential can happen for two
reasons i.e. (a) one or more AP signals from the neighbouring
cells which introduces the additional term GLwKs i.e. the
electrical conductivity between the sensing cell T and the
general neighbor cell Ri. and (b) an external stimulus gener-
ating an AP signal within the plant cell which propagates to
receiver cells. The input of the system Uptq i.e. the number
of signalling molecules emitted by the transmitter cell driven
by the multiple AP is dependent on ELwm :
Uptq 9 ELwm (8)
Where ELwm (which depends on the channel opening prob-
ability po in Eq. (5) and other parameters in Eqs. (3) and
(4) presented in Table II) is given by Eq. (7). Note that
this Uptq acts as the system input. This relation means that
when multiple AP signals are generated the transmitter emits
a higher number of molecules as compared to a single AP
signal.
B. Model For Multiple Mechanosensitive Activation Signals
In this section we present the model for generation of
multiple mechanosensitive activation signals in response to
a mechanical stimulus. In plants, the mechanical sensitivity
of ion channels is similar to that of voltage sensitivity due to
an environmental stimulus. For mechnosensitive channels the
effect of stress or tension is to open the ion channels resulting
in the flow of ions across the cell membrane. A mechanosensi-
tive channel can be defined as a stress-dependent equilibrium
between the open and closed states as described in [48]:
C
K1é O (9)
where K 1 is the equilibrium constant between the closed and
open states. If the cross-sectional area of the ion channel has
a non-zero difference (between the two states) ∆A = Aopen-
Aclosed, then the contribution of membrane tension σ in the
free energy of channel opening, ∆G is given by [49]:
∆G “ ∆G1 ´ σ∆A (10)
where ∆G1=´RcTc lnK 1 is the free energy associated with
the opening of channel in the absence of stress. Rc is the gas
constant and Tc is the absolute temperature. The expression
for the stress σ1{2 required to open half the ions channels at
equilibrium is obtained as follows:
σ1{2 “ ∆G∆A (11)
From this expression we learn that the channel response in the
presence of stress is highly dependent on the cross-sectional
area. This expression is also analogous to the trans-membrane
voltage drop V1{2 when half the channels are open in the
presence of charge z moving across the cellular membrane.
The sensitivity of the conformational equilibrium to the stress
is encoded by:
∆A “ d∆G
dσ
(12)
which shows that as ∆A increases, the shift in the equilibrium
increases in response to an applied stress. Therefore the
channel is said to be more mechanosensitive. Assuming
that the channel complies with the stress which results in
∆A expansion of the membrane, the work produced by the
external force is given as:
Wm “ σ∆A (13)
This suggests that as ∆A increases, it results in an increased
flow of ions leading to a higher amplitude of activation signal.
For a mechanosensitive ion channel the opening probability
depends on different factors such as the applied stress, ∆G
and ∆A, and is obtained by using Boltzmann relation [48]:
Po
1´ Po “ exprpσ∆A´∆Gq{KBσs (14)
where KB is the Boltzmann constant. Using some mathemat-
ical work we reduce this equation to the following simplified
form similar to [50].
Po “ 1
1` e´∆G{KBσ (15)
As a result of the opening of mechanosensitive ion channels
an activation signal is generated. We can obtain the voltage
corresponding to this signal as:
V “ gkVk ` gNaVNa ` gcaEca
gk ` gNa ` gca (16)
where gi is the general conductance of a mechanosensitive ion
channel i. This conductance can be defined as the proportion-
ality between the voltage drop across the cell membrane and
the ionic current flowing through the channel. The general
term Vi is the non-zero initial voltage corresponding to the
activation signal in channel i. The term gi is given as:
where, gi “ Fhi
Vi
(17)
where F is Faraday’s constant and hi is the ion i flow across
the membrane and is given as:
hi “ zµPmPoφiηo ´ φoηipexpp´zµqq
1´ expp´zµq (18)
where the term µ denotes the normalized initial potential
corresponding to the activation signal. The rest of the terms
are explained in Tables II and III. Note that hi depends on
the channel opening probability Po of the mechanosensitive
ion channel i which is obtained from Eq. (15).
The expression in Eq. (16) only accounts for the change
in the membrane potential due to a single mechanosensitive
activation signal. However the change in potential can also
occur as a result of multiple activation signals flowing from
neighboring cells. For example we again consider the example
in Figure 4 where the transmitter cell T in the centre is
surrounded by 4 receiver cells R1-R4 on each side. Multiple
activation signals can travel to or from each of these cells
to the transmitter cell. For L = r1, LT s and w = r1, wT s,
where LT and wT represent the total length and width of the
mesh of voxels, the number of molecules flowing as a result
of multiple activation signals depends on the inter-cellular
interactions and is given by
nLw “
ÿ
K,s
GLwKspV Ks ´ V Lwq (19)
Where V Ks and V Lw represent the cell membrane po-
tentials at position pL;wq and pK; sq respectively. The term
GLwKs represents the electrical conductivity between the
sensing cell pL;wq and the general neighbor cell pK; sq.
This leads to the following equation:
V Lw “ gkVk ` gNaVNa ` gcaVca `
ř
K,sGLwKsV
Ks
gk ` gNa ` gca `řK,sGLwKs
(20)
where the term GLwKs represents the electrical conductiv-
ity between the sensing cell T and the general neighboring
cell Ri. Therefore the change in potential can occur in two
ways i.e. (a) one or more AP signals from the neighbouring
cells and (b) an external stimulus generating an AP signal
within the transmitter cell which propagates to receiver cells.
Using V Lw from Equation (20) we can obtain the current
flowing ILw through the mechanosensitive channel by using
ohm’s law. The input of the system Uptq i.e., the number of
molecules emitted by the transmitter cell is given by:
Uptq 9 V Lw9 ILw (21)
where V Lw (depending on the channel opening probability
po and other parameters in Tables II and III) is given by
Eq. (20). This relation means that when the magnitude of
activation signal voltage increases in the presence of a me-
chanical stimulus, the transmitter emits an increased number
of molecules.
V. TRANSMITTER AND PROPAGATION MODEL
A. Transmitter Cell
The overall system model considered in this paper for
different configurations of receiver cells is shown in Figures
1 and 2. We also consider a mixed (hybrid) configuration
of receiver cells in this work. For each case we have a
single transmitter cell which releases signalling molecules
in the presence of an external stimulus. The number of
molecules released depends on the magnitude of multiple
AP or multiple mechanosensitive activation signals. These
signalling molecules carry the information to the receiver
cells. In the next subsection we explain the propagation
mechanism of signalling molecules by using a voxel setting.
B. Voxel Model for Propagation
For the propagation of molecules to neighboring cells we
assume that the cells in the system are closely packed. This
means that molecules exiting from the membrane of one
cell can enter the membrane of the neighboring cell(s) either
through random diffusion or fast active propagation. To model
this we assume a voxel setting for the system as shown in
Figure 3 for both the parallel and series configuration. We
divide the overall medium into MxˆMy ˆMz cubic voxels
where the volume of each voxel is ∆3 representing a single
cell. We assume the medium as a three dimensional space
of dimension `X ˆ `Y ˆ `Z where each dimension is an
integral multiple of length ∆ i.e. `X “ Mx∆, `Y “ My∆
and `Z “ Mz∆. In Figure 3 we show two examples i.e.
parallel case with Mx “ My “ 3 and Mz “ 1 and series
case with Mx “ 4 and My “ Mz = 1. For the parallel case
the transmitter and receiver are located at the voxels with
indices T and Ri. The different arrows in Figure 3 indicate
the direction of propagation of molecules in the voxels.
VI. DIFFUSION-REACTION MATHEMATICAL MODEL
The overall state of the system can be defined as the number
of molecules in each voxel of a 3-dimensional medium. Let
nL,i denote the number of input signaling molecules in a
general voxel i. The number of signalling molecules released
by the transmitter depends on the amplitude of multiple AP
or multiple activation signals generated as a result of an
external stimulus. Assuming that the transmitting cell and
each receiver cell occupy one voxel, we define the state of
system for the series configuration of cells shown in Figure
3 (i.e., i = 4 voxels in series) as:
nLptq “ rnL,1ptq, nL,2ptq, nL,3ptq, nL,4ptqsT (22)
where the superscript T denotes the matrix transpose. We con-
sider two propagation mechanisms of molecules between the
transmitter and receiver cells i.e., (a) Diffusion of molecules
(b) Fast (active) propagation. This means that we can model
the system as either a diffusion-reaction system or a reaction
only system. Using the approach presented in [20] we derive
the stochastic differential equation (SDE) governing the dy-
namics of the system. The SDE equation for a diffusion only
system with a diffusion matrix H is given as:
9nLptq “ HnLptq `
Jdÿ
j“1
qd,j
b
Wd,jpnLptqqγj ` 1TUptq
(23)
where, for the series voxel setting in Figure 3, we have
H “
»——–
´d d 0 0
d ´2d 0 0
0 d ´d d
0 0 d ´d
fiffiffifl (24)
In Eq. (23) the term Jd refers to diffusion jump vector and
Wd,jpnLptqq is the corresponding jump function.
On the other hand the reaction only system includes the
reactions of incoming signaling molecules L with the receiver
to produce the output molecules X . The number of output
molecules produced over time is the output signal of the
system. In this paper we use a simple example of a linearized
ligand-binding type receiver which consists of following
reactions (along with respective jump functions and jump
rates).
LÑ X “ ´1 1 ‰T , k`nL,R (25)
X Ñ L “ 1 ´1 ‰T , k´nX (26)
where k` and k´ are the reaction rate constants. The term
nL,R is the number of signaling molecules in the receiver
voxel and nX is the number of output molecules in the
receiver. Similar to the diffusion only case, the state vector
and SDE for the reaction only system is given as:
n˜Rptq “
“
nL,Rptq nXptq
‰T
(27)
9˜nRptq “ Rn˜Rptq `
Jrÿ
j“1
qr,j
b
Wr,jpxn˜Rptqyqγj ` 1TUptq
(28)
where qr,j and Wr,j represent the jump vectors and jump
rates for the reactions in the system. The term γj represents
continuous white noise which accounts for the noise due to
the reactions in the system. Similar to the diffusion matrix
H we define a reaction matrix R shown in Table I) which
depends on the reactions in the receiver.
To model the complete diffusion-reaction system, we as-
sume nptq as the state of the complete system which accounts
for both the diffusion and reaction events in the system. The
vector nptq contains the number of each type of molecules in
each voxel (or cell). The physical meaning of nptq is that it
describes how the molecules are distributed over the medium
at time t, and is given by:
nptq “ “ nLptqT nXptq ‰T (29)
The general SDE for the complete system which accounts for
both the diffusion and fast propagation is given as:
9nptq “ Anptq `
Jÿ
i“1
qj
b
Wjpnptqqγj ` 1TUptq (30)
TABLE I
R MATRIX FOR DIFFERENT RECEIVER CIRCUITS
Receiver R Matrix
Reactions 25 and 26
„´k` k´
k` ´k´

When we consider the diffusion propagation, the matrix A
will be the combination of H and R matrices. Whereas
when we consider the fast active propagation of molecules,
the entries of matrix A will only depend on matrix R. The
corresponding jump vectors and jump rates vary accordingly
in each case. Next we use the Laplace transform of Equation
(30) to obtain the number of output molecules in the receiver:
NXpsq “ 1XpsI ´Aq´11Tlooooooooomooooooooon
Ψpsq
Upsq (31)
For the detailed step by step derivation of these equations
refer to our previous work [4]. Next we use this expression
to study different communication properties of the system.
VII. MUTUAL INFORMATION AND INFORMATION
PROPAGATION SPEED
A. Mutual Information
In this section we will derive the mutual information
expression for the complete system using the expressions
in Eqs. (30) and (31). We will present a general derivation
which holds for the cases when the input number of signalling
molecules depend on either the magnitude of multiple AP or
for multiple mechanosensitive activation signals.
To derive the mutual information we use the input number
of molecules i.e. Uptq from Eq. (8) or (21) depending on the
signal we are considering. The number of output molecules
is given by Eq. (30). To calculate the mutual information we
use the approach described in [4]. From [51] we learn that
for two Gaussian distribution random processes aptq and bptq,
the mutual information Impa, bq is:
Impa, bq “ ´1
4pi
ż 8
´8
log
ˆ
1´ |Φabpωq|
2
ΦaapωqΦbbpωq
˙
dω (32)
where Φaapωq (resp. Φbbpωq) is the power spectral density
of aptq (bptq), and Φabpωq is the cross spectral density of
aptq and bptq. To apply this result for our system, we need a
result from [52] which computes the power spectral density
of a system consisting only of chemical reactions with linear
reaction rates. Assuming all the jump rates Wjpnptqq in Eq.
(30) are linear, we obtain the power spectral density of nptq
using following:
9nptq “ Anptq `
Jÿ
i“1
qr,j
b
Wr,jpxnp8qyqγj ` 1TUptq (33)
where xnptqy denotes the mean of nptq. The result in Eq. (33)
models a linear time-invariant (LTI) stochastic system subject
to Gaussian input and Gaussian noise. The power spectral
density ΦXpωq of the output signal nXptq is given as:
ΦXpωq “ |Ψpωq|2Φupωq ` Φηpωq (34)
where Φupωq is the power spectral density of Uptq, Φη
denotes the stationary noise spectrum. |Ψpωq|2 is the channel
gain with Ψpωq “ Ψpsq|s“iω and is given by:
xNXpsqy “ 1XxNpsqy “ 1XpsI ´Aq´11Tlooooooooomooooooooon
Ψpsq
Upsq (35)
where Ψpsq incorporates both the consumption of input
signalling molecules and the interaction between the input
and output molecules. Φηpωq is the stationary noise spectrum
and is given by:
Φηpωq “
Jrÿ
j“1
|1XpiωI ´Aq´1qr,j |2Wr,jpxnp8qyq (36)
where xnp8qy is the mean state of system at time 8 due
to a constant input. By using the standard results on the LTI
system, the cross spectral density Ψxupωq is:
|Ψxupωq|2 “ |Ψpωq|2Φupωq2 (37)
Next by substituting Eq. (34) and Eq. (37) into the mutual
information expression in Eq. (32), we obtain the mutual
information IpnX , Uq between Uptq and nXptq as:
IpnX , Uq “ 1
2
ż
log
ˆ
1` |Ψpωq|
2
Φηpωq Φupωq
˙
dω (38)
The maximum mutual information of the communication link
can be determined by applying the water-filling solution to
Eq. (38) subject to a power constraint on the input Uptq [53].
B. Information Propagation Speed
To calculate the information propagation speed we use the
mutual information calculated, for an increasing number of
receiver cells in different configurations, for both multiple AP
and multiple mechanosensitive activation signals. To obtain
the propagation speed we select a threshold value of the
mutual information and calculate the time difference at which
the mutual information curve for different number of receiver
cells crosses this threshold value. We use the following
relation to calculate the information propagation speed:
Vi “ 1
Er∆ti,i`1s (39)
where ∆ti,i`1 is the time difference at which the mutual in-
formation, for an increasing number of receiver cells, crosses
the threshold value. Note that E is the expectation operator.
Fig. 5. Experimental Setup for Measuring multiple AP Signal-Mimosa
VIII. EXPERIMENTAL SETUP
In this paper we have performed experiments to verify the
results from the theoretical models. Specifically, we calculate
the experimental results for the voltage of a multiple AP
signal (in Mimosa pudica) and multiple activation signals (in
Aloe Vera). The experimental setup is shown in Figures 5-6.
The experimental setup consists of a PhytlSigns biosignal
amplifier device developed for the purpose of measuring
electrical signals in plants, by a Swiss based technology
company Vivent Sarl [54]. This device consists of a plant
electrophysiology sensor connected to a single board com-
puter (i.e., Raspberry Pi (RPi) which acts as a data logger.
We use two different plants for this work i.e., Mimosa pudica
and Aloe Vera. The RPi is connected to the mains power by a
grounded 12 Watt power cable. A mini USB cable connects
the PhytlSigns device and the RPi. The PhytlSigns device has
two sockets labeled as ground and stalk. Two auxiliary cables
are used in this experimental setup. The first cable connects
the ground socket to the soil of the plant (to act as the ground
for the experiment) whereas the second cable connects the
stalk socket to the stalk of the plant under experimentation.
A conductive gel is used to gently place the pin on the stalk in
order to prevent puncturing or damage to the stalk of the plant.
The RPi is connected to the PhytlSigns device as well as the
local router with an Ethernet cable. The raw data generated
by the experiments is stored within the RPi. This data is
also transmitted by the RPi to the server. The IP address of
the RPi can be typed into a browser to monitor the change
in potentials of the plants in real time. We finally use the
raw data stored in the RPi to generate the graphs for voltage
signals using MATLAB.
In this work, we perform a range of different experiments to
measure the amplitudes of the multiple AP signals for Mimosa
pudica plants as well as multiple activation signals in Aloe
Vera. Specifically for this paper we conduct three different
types of experiments. In the first two cases we apply stimulus
with varying intensity resulting in different amplitudes of
generated signals for a Mimosa pudica. In the third case
we repeat the stimulus after a refractive period (the resting
period) for both the plants. The aim to these experiments is
to verify the theoretical models presented for the generation
Fig. 6. Experimental Setup for Measuring Activation Signal- Aloe Vera
TABLE II
PARAMETERS AND THEIR DEFAULT VALUES FOR AP SIGNALS.
Symbols Notation and Value
ER Resting Potential = -150-170 mV
F Faraday’s constant = 9.65ˆ 104C{mol
C Membrane capacitance = 10´6Fcm´2
Pm Permeability per unit area = 10´6 M cm s´1
γ ratio of rate constants = 9.9ˆ 10´5M
φi Probability ion link - inside = cin / (cin + γ)
φo Probability ion link - outside = cout / (cout + γ)
ηi Probability ion not linked-inside = 1- φi
ηo Probability ion not linked-outside = 1- φo
cin and cout 1.28 and 1.15 respectively
z ion charge e.g. for calcium = +2.
po ion channel open-state probability
of multiple AP and multiple activation signals in plants. The
raw data generated from all these experiments is collected in
the RPi which is then converted into graphs using MATLAB.
We also use this experimental data to compute the mutual
information and compare it with the results obtained from
the numerical method in Section VIII.
IX. RESULTS AND DISCUSSIONS
In this section we present the numerical results for the
system model considered in this paper. The parameters used
for the generation of multiple AP and multiple activation
signal are presented in Tables II and III respectively. For the
propagation medium we assume a voxel size of ( 13 µm)
3 (i.e.,
∆ “ 13 µm), creating an array of 3ˆ3ˆ1 voxels for different
TABLE III
PARAMETERS AND THEIR DEFAULT VALUES FOR MECHANOSENSITIVE
ACTIVATION SIGNAL.
Symbols Notation and Value
Pm Permeability per unit area = 10´6 M cm s´1
F Faraday’s constant = 9.65ˆ 104C{mol
KB Boltzmann Constant = 1.3807ˆ 10´23JK´1
φi Probability ion link - inside = cin / (cin + γ)
φo Probability ion link - outside = cout / (cout + γ)
ηi Probability ion not linked-inside = 1- φi
ηo Probability ion not linked-outside = 1- φo
z ion charge e.g. for calcium = +2.
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Fig. 7. Comparison- Moderate Stimulus experimental and numerical results
receiver configurations. We assume one transmitter cell and
increasing number of receiver cells in different configurations
up to 100. The transmitter and each receiver cell occupy one
voxel each as described in the system model in Section IV.
The mean emission rate c is dependent on the AP or activation
signal which triggers the release of molecules. The aim is
to compute the mutual information between the input and
output number of molecules of the system and the information
propagation speed associated with different signals.
First in Figures 7 and 8 we calculate the magnitude of
a single AP signal from the numerical model and compare
it with corresponding experimental calculation (using Phytl-
Signs device) for two different intensity levels of stimulus in
a Mimosa pudica plant. This results in different amplitudes
of a single AP signal, from 30 to 70 mV. We observe that
as the intensity of stimulus increases, the experimental and
calculated results become closer. The slightly slower decay
of the higher amplitude AP signals can be understood from
the mathematics of the AP generation model.
Next in Figure 9 we compare the numerical and exper-
imental results for the case of multiple APs in a Mimosa
pudica plant. We observe that experimental results closely
match with the theoretical results. Figure 10 shows the
comparison of the maximum mutual information calculated
from the experimental data and numerically obtained values
for a Mimosa plant. This validates the mutual information
calculated by using the theoretical model.
Next in Figures 11 and 12 we study the impact of multiple
AP signals on the mutual information and the information
propagation speed for increasing number of receiver cells
(in different configurations) up to 100. Note that we show
the results for only up to 20 cells as the results remain
constant for 20-100 cells. We observe that mutual information
is minimum for the case of the mixed receiver configuration
for both single and multiple AP. In the case of multiple APs
the mutual information is higher for all the configurations
as compared to a single AP. This indicates the contribution
of secondary AP. For multiple AP, the mutual information
is highest for the series configuration of receiver cells. The
results in Figure 12 show that for multiple AP case, the
propagation speed is higher as compared to the case of single
0 50 100 150 200 250 300
Time (s)
-170
-160
-150
-140
-130
-120
-110
-100
Po
te
nt
ia
l E
m
 (m
V)
Numerical Result
Experimental Result
Fig. 8. Comparison- Intense Stimulus experimental and numerical results
0 50 100 150 200 250 300 350 400
time t (s)
-165
-160
-155
-150
-145
-140
-135
-130
-125
-120
Ac
tio
n 
Po
te
nt
ia
l V
ol
ta
ge
 (m
V)
Action potential For Mimosa Plant
Numerical Result
Experimental Result
Fig. 9. Comparison of experimental and numerical results-Multiple AP
10 20 30 40 50 60 70 80 90 100
Time
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
M
ax
im
um
 M
ut
ua
l I
nf
or
m
at
io
n
Mutual Information For 3 receiver cells in series
With Experimental AP
With Simulated AP
Time (sec)
Fig. 10. Mutual Information comparison for 3 receiver cells in series
1 5 10 15 20
Number of cells impacted by Single/Multi AP
1.5
2
2.5
3
3.5
4
M
ut
ua
l I
nf
or
m
at
io
n 
(b
its
/s
)
Impact of Multiple AP on Mutual Information
Series-Multi AP
Series-Single AP
Parallel- Multi AP
Parallel- Single AP
Mixed-Multi AP
Mixed- Single AP
Fig. 11. Mutual Information for Single/Multiple AP Signals
1 5 10 15 20
Number of cells impacted by Single/Multi AP
0
0.5
1
1.5
2
2.5
3
Pr
op
ag
at
io
n 
Sp
ee
d 
(c
el
ls
/s
ec
)
Impact of Multiple AP on Information propagation speed
Series-Multi AP
Parallel-Multi AP
Mixed-Multi AP
Series-Single AP
Parallel-Single AP
Mixed-Single AP
Fig. 12. Information Propagation Speed for Single/Multiple AP Signals
0 50 100 150 200 250 300 350 400
time t (sec)
-165
-160
-155
-150
-145
-140
-135
Ac
tiv
at
io
n 
Si
gn
al
 V
ol
ta
ge
 (m
V)
Mechanosenstitive Activation Signal for Aloe Vera
Numerical Result
Experimental Result
Fig. 13. Comparison of experimental and numerical results-Multiple Acti-
vation Signal
AP. We observe that as the number of cells increase beyond
10-12 the mutual information and the information propagation
speed become constant. This means that mutual information
per cell decreases when the number of cells increase beyond
10-12.
Next in Figure 13 we present the experimental and nu-
merical results for the voltage associated with the multiple
mechanosensitive activation signals generated by a mechani-
cal stimulus. The experimental results are obtained for an Aloe
Vera plant by using the Phytlsigns device. We observe that
both the experimental and numerically calculated result match
closely with each other, therefore validating our theoretical
model. We also observe that as the stimulus increases the
activation signal voltage corresponding to mechanosensitive
activation signals increases fastly.
Finally in Figures 14 and 15 we study the impact of
single and multiple mechanosensitive activation signals on the
mutual information and the information propagation speed.
Although we consider 100 cells we only show results up to
20 as the results remain constant for 20-100. We observe
that both the mutual information and information propagation
speed tend to increase in the presence of multiple activation
signals in the system up to 10-12 cells. However, as the
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Signals
number of cells increase beyond 10-12 the mutual information
and the information propagation speed become constant. This
means that similar to the case of multiple AP, the mutual
information per cell for multiple activation signals tends to
decrease as the number of cells increase beyond 10-12.
Note that the results in Figures 11 and 14 show the
results for mutual information only. It can be understood
from both these graphs that mutual information per cell (i.e.,
mutual information/no. of cells) tends to increase initially.
However, as the number of cells increase beyond 10-12 the
mutual information per cell starts to decrease as the mutual
information becomes constant for increasing number of cells.
Note that we have obtained similar pattern of results for all
three configurations of receiver cells considered in this paper.
To summarize, the results in Figures 7-9 show the single
and multiple action potential signals (both numerical and
experimental results) in Mimosa pudica plant whereas the
simulation results in Figure 13 show the mechanosensitive
signals (both numerical and experimental results) in an Aloe
Vera plant. Whereas the results in Figures 10-12 and 14-15
are based on the numerical calculations only.
X. CONCLUSION
In this paper we study the impact of multiple APs and
multiple mechanosensitive activation signals on the inter-
cellular communication in plants. We show that when multiple
APs or multiple activation signals are generated due to an
external stimulus, there is a general increasing trend in the
mutual information of the system with an increase in the
population of cells up to certain length. Moreover we show
that the information propagation speed also increases in the
presence of the multiple AP or activation signals in the system
with an increase in the population of cells up to certain length.
We also verify the results produced by the theoretical model
with experiments on different plants such as Mimosa pudica
and Aloe Vera. The experimental and numerical results, on the
signal voltage, mutual information and information propaga-
tion speed, are important contributions to information theo-
retic modelling of biological communication. Especially these
results will help the researchers to investigate and develop
applications related to inter-cellular communication signals in
biological systems like plant cell networks. Furthermore the
validation of numerical results by experimentation confirms
the relevance of information theoretic modeling as a tool to
better understand real plant signals and their applications.
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